The serpin family of serine proteinase inhibitors plays key roles in a variety of biochemical pathways. In insects, one of the important functions carried out by serpins is regulation of the phenoloxidase (PO) cascade -a pathway that produces melanin and other compounds that are important in insect humoral immunity. Recent sequencing of the baculovirus Hemileuca sp. nucleopolyhedrovirus (HespNPV) genome revealed the presence of a gene, hesp018, with homology to insect serpins. To our knowledge, hesp018 is the first viral serpin homologue to be characterized outside of the chordopoxviruses. The Hesp018 protein was found to be a functional serpin with inhibitory activity against a subset of serine proteinases. Hesp018 also inhibited PO activation when mixed with lepidopteran haemolymph. The Hesp018 protein was secreted when expressed in lepidopteran cells and a baculovirus expressing Hesp018 exhibited accelerated production of viral progeny during in vitro infection. Expression of Hesp018 also reduced caspase activity induced by baculovirus infection, but caused increased cathepsin activity. In infected insect larvae, expression of Hesp018 resulted in faster larval melanization, consistent with increased activity of viral cathepsin. Finally, expression of Hesp018 increased the virulence of a prototype baculovirus by fourfold in orally infected neonate Trichoplusia ni larvae. Based on our observations, we hypothesize that hesp018 may have been retained in HespNPV due to its ability to inhibit the activity of select host proteinases, possibly including proteinases involved in the PO response, during infection of host insects.
INTRODUCTION
The insect innate immune system responds against invading pathogens and parasites (Jiang et al., 2010; Xu & Cherry, 2014) by means of antimicrobial peptides, the action of haemocytes and intracellular mechanisms, such as RNA interference (Jayachandran et al., 2012) and apoptosis (Clem, 2005) . However, infectious agents have evolved mechanisms to overcome or even manipulate this hostile environment in order to survive and reproduce (Clem & Passarelli, 2013; Ferrandon et al., 2007) .
Baculoviruses are large DNA viruses that mainly infect the larval stages of Lepidoptera (moths and butterflies) (Herniou et al., 2012; Rohrmann, 2013a) . A typical baculovirus infection initiates when susceptible caterpillars feed on foliage contaminated with viral occlusion bodies (OBs), which release occlusion-derived virions in the midgut and establish primary infection (Slack & Arif, 2006) . Infected midgut epithelial cells produce budded virions (BVs), which cross the midgut barrier and cause systemic secondary infection. Baculoviruses are able to manipulate the cellular environment to enhance their infection (Thiem, 2009 ), e.g. by inhibiting cell cycle progression (Prikhod'ko & Miller, 1998) , inducing DNA damage response (Huang et al., 2011) , blocking apoptosis (Ikeda et al., 2011) and inducing shutoff of host gene expression (Ooi & Miller, 1988) . They are also able to manipulate host physiology and behaviour through the expression of various viral proteins (Kamita et al., 2005; Katsuma et al., 2012; O'Reilly & Miller, 1989) . There is evidence that baculovirus infection causes immune suppression in infected larvae, which leads to an increase in gut microbiota (Jakubowska et al., 2013) . However, it is not clear whether baculoviruses can directly (i.e. by expression of a viral gene product) control humoral innate immune responses.
become melanized through the activity of phenoloxidases (POs). POs produce reactive intermediates for melanin production which contribute to microbe killing (Nappi & Christensen, 2005; Zhao et al., 2007 Zhao et al., , 2011 . In some cases, baculovirus-infected cells have been found to be encapsulated by haemocytes and melanized (McNeil et al., 2010; Trudeau et al., 2001; Washburn et al., 2000) . POs are present in insect plasma in an inactive form called proPO. Microorganism invasion triggers activation of a serine proteinase cascade, which eventually results in the cleavage of proPO to active PO. The activity of proteinases in the PO cascade is regulated by serine proteinase inhibitors (serpins) (Jiang et al., 2010) . In addition to regulating PO activation, serpins are also important in other pathways involving serine proteinases (Gettins, 2002; Silverman et al., 2001) .
Serpins consist of a single peptide chain typically composed of three b-sheets (A, B and C) and several a-helices. A reactive centre loop located between b-sheet A and C determines the inhibitory selectivity (Huntington, 2011) . Serpin inhibition initially involves formation of a non-covalent complex with the targeted proteinase. Following cleavage of the serpin at the P1 residue within the reactive centre loop, a covalent ester linkage is formed between the serpin and proteinase, resulting in dramatic conformational changes in both the enzyme, which is now inactive, and the serpin, which is cleaved (Huntington, 2011) .
Whilst serpin homologues are present in chordopoxviruses that infect vertebrates, where they inhibit apoptosis and inflammatory responses (Tewari et al., 1995) , until recently intact serpin genes had not been reported in the genomes of any other viruses. However, ORFs with homology to serpins have been found recently in a few mimivirus and megavirus genomes, and in 2013 a serpin homologue called hesp018 was reported in the genome of the baculovirus Hemileuca sp. nucleopolyhedrovirus (HespNPV) (Rohrmann et al., 2013) . In this report, we describe analysis of the phylogeny of Hesp018 and its ability to function as a serpin, as well as the effects of its expression on the fitness of a prototype baculovirus.
RESULTS

Phylogenetic analysis of the hesp018 gene
To investigate the relationship of Hesp018 to other serpins, a maximum-likelihood tree was constructed using the predicted amino acid sequence of Hesp018 and several arthropod serpin sequences. The results supported the hypothesis that hesp018 arose as a horizontal gene transfer from a lepidopteran host (Fig. 1a) . We found that the Hesp018 sequence clustered with lepidopteran serpin type 4 orthologues, as previously hypothesized (Rohrmann et al., 2013) . Interestingly, the region of the HespNPV genome containing hesp018 may have been a hotspot for recombination in the ancestor of HespNPV-related species as hypothetical newly acquired genes and repeat regions were found in this region (Fig. 1b) .
Based on alignment with insect serpins, we found that Hesp018 contained a predicted signal peptide, a conserved strand 3 of b-sheet A, a hinge region, a scissile bond and a prosite signature -all features commonly found in serpins (Fig. 1c) . The signal peptide contained two potential cleavage sites (Fig. 1c, scissors) . For the serpin signature region, six of nine residues were conserved in strand 3 of b-sheet A, six of eight were conserved in the hinge region and the prosite signature contained seven conserved residues (Fig. 1c) . Importantly, Hesp018 had a basic arginine residue at the predicted P1 site at the scissile bond (Fig. 1c, arrow) , characteristic of trypsin-like serpin . Based on these characteristics, we predicted that Hesp018 was an active serpin.
Inspection of the sequence upstream of the hesp018 ORF in the HespNPV genome revealed the presence of a TATATAA early promoter consensus motif at position 241 and a CATT transcriptional start site consensus sequence 28 nt downstream of the TATATAA. There were no conserved (TAAG) late promoter motifs within 500 nt upstream, suggesting that Hesp018 was most likely expressed as an early gene. Interestingly, a potential NFkB-like binding site (GGTTCGTTTC) was found at position 223 relative to the start codon, suggesting the possibility that hesp018 expression could be regulated by host immune factors.
Inhibitory activity of the baculovirus serpin
To test for serpin activity, His-tagged Hesp018 protein was expressed in Escherichia coli, purified and incubated with the serine proteinases trypsin, chymotrypsin, plasmin or proteinase K. Hesp018 efficiently inhibited in a concentration-dependent manner trypsin, chymotrypsin and plasmin, but not proteinase K (Fig. 2, Table 1 ). Trypsin and chymotrypsin were each able to cleave Hesp018 (Fig.  2e ). Of the enzymes tested, plasmin was the most sensitive to inhibition by Hesp018, reaching 100 % inhibition at 10 : 1 molar ratio (serpin : proteinase). Inhibition of trypsin was 87 % at 10 : 1, whilst chymotrypsin reached 67 % inhibition at 10 : 1 (Table 1) . Plasmin formed a stable complex with Hesp018 as detected by immunoblotting (data not shown), indicating that Hesp018 inhibited plasmin by the conserved serpin mechanism.
Serpin-4 from Manduca sexta has been shown to inhibit haemolymph serine proteinases in the PO pathway . As the closest relatives of Hesp018 are serpin-4 homologues, we examined the ability of purified recombinant Hesp018 protein to inhibit PO activation in lepidopteran plasma. We found that Hesp018 was able to prevent bacteria-stimulated Manduca sexta plasma PO activity (Fig. 3a) and migrated faster by SDS-PAGE after incubation with insect plasma (Fig. 3b) , indicating that Hesp018 was cleaved and functioned as a substrate inhibitor in haemolymph. Together, the results in Figs 2 and 3 indicated that Hesp018 was a functional serpin capable of inhibiting PO activation in lepidopteran haemolymph.
Serpin expression accelerates Autographa californica multiple nucleopolyhedrovirus (AcMNPV) BV production Whilst it would be ideal to test the function of Hesp018 in the context of HespNPV infection, this virus is biologically uncharacterized and currently only exists as an archived sample of OBs (Rohrmann, 2013b; Rohrmann et al., 2013) . Therefore, to examine the effect of Hesp018 expression during baculovirus infection, we constructed recombinant versions of the prototype baculovirus AcMNPV, expressing Hesp018 with or without a C-terminal haemagglutinin (HA) tag under control of a constitutive Drosophila melanogaster hsp70 promoter (Fig. 4a ). For comparison, we also constructed a virus expressing Manduca sexta serpin-4B protein (Fig. 4a) .
When recombinant viruses expressing Hesp018-HA or serpin-4B were used to infect Sf9 cells, both proteins were secreted into the media (Fig. 4b) . Expression of the serpin genes resulted in significantly increased AcMNPV BV titres at 24 and 48 h post-infection (p.i.), although by 96 h p.i. the titres were similar to control virus (Fig. 4c) . At 24 h p.i., the mean Ac-hesp018-PG titre was 7.9-fold higher than control virus, whilst the Ac-Ms-serpin-4B-PG titre was 4.5-fold higher. At 48 h p.i., the titres were 34.9-and 11.4-fold higher than control, respectively. This result indicated that serpin expression accelerated the production of BVs in vitro.
Viral and cellular enzyme activities influenced by Hesp018 expression
We next tested whether the hesp018 gene could affect, directly or indirectly, cellular or viral proteinase activities host melanization (Hawtin et al., 1997; Slack et al., 1995) . In addition, AcMNPV infection stimulates the activation of cellular effector caspases, whose activities are normally inhibited by the viral P35 protein but which can be studied using mutants lacking p35.
Interestingly, we found that infection of Sf9 cells with viruses expressing either Hesp018 or serpin-4B caused significantly increased cathepsin, but not chitinase, activity, compared with the parental virus Ac-PG (Fig. 5a, b) . As cathepsin activity is required for caterpillar melanization (Slack et al., 1995) , we examined melanization of Manduca sexta larvae injected with BVs. There was a noticeable increase in melanization at 24 h post-mortem when the larvae were injected with viruses expressing either Hesp018 or serpin-4B, compared with control virus (Fig. 5c ). This increased melanization suggested that cathepsin activity may have also been increased by serpin expression during in vivo infection.
Some serpins, including the poxvirus serpin crmA, are known to be able to inhibit caspases, even though caspases are cysteine proteinases (Tewari et al., 1995) . To test whether Hesp018 expression could inhibit caspases during AcMNPV infection, we expressed Hesp018 in a version of AcMNPV lacking p35 (Huang et al., 2011) . Infection of Sf9 cells with p35 mutant AcMNPV resulted in high levels of effector caspase activity, as previously shown (Bertin et al., 1996; Huang et al., 2013) . Expression of Hesp018 from the p35 mutant virus resulted in a significant reduction in caspase (a) Inhibition of PO activation in Manduca sexta plasma by Hesp018. Cell-free plasma was incubated with 100 ng purified Hesp018 for 10 min, followed by the addition of Micrococcus luteus (ML) extract to stimulate PO activation. BSA was used as a control for activation. PO activity was measured after 10 min (see Methods activity, although the level of caspase activity was not reduced as much as when p35 was reinserted into the p35 deletion virus (Fig. 5d, e) . Nevertheless, these results indicated that Hesp018 may have some inhibitory activity against caspases, although this will require additional confirmation.
Hesp018 expression increases AcMNPV virulence in Trichoplusia ni
To examine the effect of serpin expression during in vivo infection, we performed neonate oral infection assays using Hesp018-expressing and control viruses in two species (Spodoptera frugiperda and Trichoplusia ni). Whilst both species are susceptible to AcMNPV infection, Trichoplusia ni is more sensitive than S. frugiperda, thus providing a valuable comparison. We found no significant difference in LT 50 (time necessary for 50 % lethality) for either Trichoplusia ni or S. frugiperda neonates using an OB concentration sufficient for 95 % lethality (Table 2) . Although the slopes of the lethality curves showed statistical differences in both species, the slope for the Hesp018-expressing virus was greater than control virus in Trichoplusia ni, but lower than control in S. frugiperda, indicating no clear trend.
However, when the LC 50 (concentration of OB required for 50 % lethality) values of these viruses were compared, the LC 50 of the Hesp018-expressing virus was fourfold less than the control virus in Trichoplusia ni (Table 3) . No significant difference was observed in S. frugiperda (Table  3) . Thus, expression of Hesp018 in AcMNPV resulted in an increase in viral virulence in Trichoplusia ni larvae.
DISCUSSION
We report the characterization of the serpin homologue hesp018, previously reported in the genome of the group II alphabaculovirus HespNPV (Rohrmann et al., 2013) . To our knowledge, Hesp018 is the first viral serpin protein that has been characterized outside of the chordopoxviruses. We investigated the inhibitory activity of Hesp018 on several serine proteinases and showed that it is a functional serpin capable of inhibiting PO activation in haemolymph. Expression of hesp018 in AcMNPV resulted in accelerated BV production in Sf9 cells and increased virulence in Trichoplusia ni larvae. These results support the hypothesis that acquisition of a serpin homologue provided an evolutionary advantage to an ancestor of HespNPV, causing it to be retained in this lineage. Although the natural host(s) of HespNPV is not known for certain, it was likely isolated from a Hemileuca sp. in the family Saturniidae, which is grouped together with Sphingidae and Bombycidae in the superfamily Bombycoidea (Regier et al., 2008) . . HAtagged Hesp018 (Ac-hesp018-ha-REP-PG) or untagged Hesp018 (Ac-hesp018-REP-PG) were expressed from a version of AcMNPV lacking the caspase inhibitor p35. As a comparison, cells were infected with the parental p35 mutant virus (Ac-p35KO-PG) or a repair virus in which p35 was reinserted in the p35 mutant bacmid (Ac-p35-REP-PG). The results shown are combined from four biological replicates. The SE and statistical differences obtained by unpaired two-tailed Student's t-test are indicated (*P,0.05; **P¡0.01; ***P¡0.0001; NS, not significant).
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However, the hesp018 sequence is relatively divergent from noctuid and bombycoid lepidopteran serpin-4 homologues, indicating that if it was acquired from a bombycoid host, it is either not a recent acquisition or it has evolved faster than the insect genes (Fig. 1a) .
We do not know the target enzyme(s) that are acted upon by Hesp018 during HespNPV infection. Serpins are able to maintain the PO cascade in an inactive state in the absence of immune challenge and downregulate the cascade during or after infection (Jiang et al., 2010) . One of the closest relatives to Hesp018, serpin-4 from Manduca sexta, can inhibit haemolymph proteinases and block PO cascade activation . Therefore, we hypothesized that the hesp018 might play a role in regulating host immunity. Our data suggest that Hesp018 can suppress the PO cascade, as it is a secreted protein, and incubation of recombinant Hesp018 with Manduca sexta haemolymph inhibited PO activity. However, it is possible that the evolutionarily important target of Hesp018 is another host proteinase(s) that is not involved in PO activation.
Interestingly, expression of Hesp018 or Manduca sexta serpin-4B caused increased cathepsin activity in infected Sf9 cells. The mechanism behind this is unknown, but the simplest explanation is that it could be due to inhibition of a proteinase that normally degrades v-cath. It is also possible that this increase in activity is due to increased expression or activity of a cellular cathepsin, but this seems less likely as uninfected Sf9 cells or cells infected with a virus lacking v-cath have very low levels of endogenous cathepsin activity (Fig. 5a ). AcMNPV infection causes late melanization of larvae, usually near or after larval death, but viruses lacking v-cath do not cause melanization (Slack et al., 1995) . Consistent with this, and with the increased cathepsin activity observed in vitro, Manduca sexta larvae infected with AcMNPV expressing Hesp018 became more extensively melanized than controls. As melanization is a result of PO activation, this rapid melanization response may seem incongruent with the ability of Hesp018 to inhibit PO activation. However, the melanization occurred after larval death. Presumably at this late time, overwhelming PO activation occurs that cannot be inhibited by expression of Hesp018. Increased levels or activity of v-cath would be expected to accelerate PO activation.
Like other large DNA viruses, baculoviruses have frequently acquired host genes during their evolution, so from this point of view the horizontal acquisition of a proteinase inhibitor is not surprising (Becker, 2000; Katsuma et al., 2012) . It is curious, however, that acquisition of serpin homologues has been so rare during virus evolution. Over 60 baculovirus genomes have been sequenced to date, but no others have been found to contain serpin homologues, even though these viruses have co-evolved with their lepidopteran hosts for .100 million years (Thézé et al., 2011) . For that matter, intact serpins have not been found in any other viral genomes outside of the vertebrateinfecting chordopoxviruses, and a few uncharacterized ORFs in mimivirus and megavirus genomes. The scarcity of serpin homologues in viruses suggests that serpin expression may confer an advantage only in rare situations. It is even possible that serpin expression could have deleterious effects on viral fitness under certain circumstances. For example, in the case of insect viruses such as baculoviruses, serpin expression could allow increased competition by other microbes if inhibiting PO activation compromises humoral immunity. Many chordopoxviruses encode multiple serpin homologues (Haller et al., 2014) and serpin expression contributes to the exquisite abilities of these viruses to manipulate the vertebrate immune response. Despite this, other vertebrateinfecting DNA viruses that also inhibit immune responses, such as herpesviruses and adenoviruses, have not acquired serpin homologues. Interestingly, intraperitoneal delivery of purified Serp-1 protein from myxomavirus to mice infected with gamma herpesvirus 68 or ebolavirus improved host survival and reduced viral infection (Chen et al., 2013) . Although this is an artificial situation, it is consistent with the idea that serpin expression may only be advantageous to viruses in highly specialized situations.
Along these lines, in this work we used three different insect species from two lepidopteran families (the noctuids Trichoplusia ni and S. frugiperda, and the sphingid Manduca sexta) to characterize the function of hesp018. However, even within the order Lepidoptera, immune responses have been found to vary. For example, the expression of haemolin, an immunoglobulin-like protein specific to lepidopterans, is stimulated by baculovirus infection in bombycoids (Antheraea pernyi and Hyalophora cecropia from Saturniidae, and Bombyx mori from Bombycidae) (Li et al., 2005) , but not in the noctuids Helicoverpa zea, Heliothis virescens or Trichoplusia ni (Terenius et al., 2009) . Interestingly, knocking down haemolin expression accelerated baculovirus infection in Antheraea pernyi (Hirai et al., 2004) . Importantly, whereas haemolymph from a noctuid (Heliothis virescens) exhibited virucidal activity (Popham et al., 2004; Shelby & Popham, 2006) , haemolymph proteins from a saturniid (Lonomia obliqua) were actually able to improve baculovirus replication in vitro (Sousa et al., 2014) . Furthermore, encapsulation and melanization of AcMNPV-infected cells by haemocytes was shown to occur in semi-permissive Helicoverpa zea, but not in fully permissive Heliothis virescens (Trudeau et al., 2001 ). Therefore, not just haemolin, but possibly also other components of the lepidopteran haemolymph could play differing roles in the protection of the host insect in different lepidopteran families. It will be interesting to test the effect of Hesp018 expression on AcMNPV virulence in Manduca sexta and Helicoverpa zea, which exhibit a melanotic response to AcMNPV infection (Trudeau et al., 2001; Washburn et al., 2000) .
In conclusion, we have shown that the baculovirus-encoded serpin Hesp018 is an active serpin, and that expression of Hesp018 in the heterologous baculovirus AcMNPV provided a replication advantage in vitro and enhanced virulence in vivo in one of two noctuid hosts. We can only speculate that perhaps the natural host of HespNPV is a lepidopteran species that is adept at mounting a humoral immune response that inhibits baculovirus infection, or some other response that Hesp018 can inhibit, and thus retention of hesp018 confers an advantage to this virus. It would be interesting to study the function of hesp018 in its natural context, if the natural host could be identified. It will also be interesting to discover, as new viral genomes continue to be sequenced, whether other serpins have been acquired during virus evolution and their roles in viral pathogenesis.
METHODS
Cells, viruses and insects. S. frugiperda (fall armyworm) Sf9 and Trichoplusia ni (cabbage looper) TN-368 cells were cultured at 27 uC in TC-100 medium (Invitrogen) supplemented with 10 % FBS, penicillin G (60 mg ml
21
), streptomycin sulphate (200 mg ml
) and amphotericin B (0.5 mg ml 21 ). Viruses were titrated by TCID 50 assay (O'Reilly et al., 1992) in Sf9 or TN-368 cells (for p35-deleted viruses). Manduca sexta eggs were obtained from Michael Kanost (Kansas State University) and larvae were reared as described (Dunn & Drake, 1983) . Trichoplusia ni and S. frugiperda eggs were purchased from Benzon Research. After hatching, larvae were reared on artificial diet in a 27 uC chamber with a 12 h/12 h light/dark cycle.
Gene amplification and construction of shuttle vectors and recombinant viruses. The hesp018 gene (with or without HA tag) or the Manduca sexta serpin-4B gene were amplified using the following primers (0.4 mM): hesp018/SacI F (59-GAGCTCATGAACATGGT-CGTCGGATCATCGTTAATAG-39) and hesp018/NotI-HA R (59-GCGGCCGCTTAAGCGTAATCCGGGACGTCGTAGGGATAATTT-GAAATGAAATCCATTTTCGTCG-39) or hesp018/NotI R 59-GCGG-CCGCTTAATTTGAAATGAAATCCATTTTCGTCG-39); Serpin 4 A/ B F (59-GGATCCGAGCTCATGAAGTGTGTGTTAGTGATTGTAT-TATG-39) and Serpin 4 A/B R (59-GGATCCGCGGCCGCTTAGT-AAAGAAAAGGTTGTTTGTATATTCC-39). Amplified fragments were digested with SacI/NotI (New England Biolabs) and cloned into the shuttle plasmid pFB-PG-H-pA [a modified pFB-PG (Wu et al., 2006) containing a SV-40 polyA signal and the Drosophila melanogaster hsp70 promoter]. The modified plasmids containing the serpin genes were transformed into DH10-Bac cells (Invitrogen), and recombinant bacmids were selected and confirmed by PCR. The plasmids were also transposed into both a cathepsin/chitinase genedeleted (Kaba et al., 2004 ) and a p35 gene-deleted bacmid (Huang et al., 2011) . Each recombinant bacmid (1 mg) was transfected into Sf9 cells (or TN-368 cells for the p35-deleted bacmid) using Lipofectin. Supernatants containing recombinant viruses were collected at 7 days post-transfection, amplified in Sf9 or TN-368 cells and titrated.
Phylogenetic analysis. A MAFFT alignment (Katoh et al., 2002) was performed with the amino acid sequences of Hesp018 (GenBank accession number NC_021923) and serpins from 19 arthropod species (GenBank accession numbers in parentheses): Manduca sexta serpin-4B (AY566163.1), Manduca sexta serpin-4A (AY566162.1), B. mori serpin-4 (NM_001043625.1), Danaus plexippus (AGBW01006202.1), Plutella xylostella serpin-4 (KC686693.1), Chilo suppressalis (AFQ01142.1), B. mori serpin-5 (NP_001037205.1), Manduca sexta serpin-5 (AY566166.1), Danaus plexippus serpin-5 (EHJ70286.1), P. xylostella serpin-5 (AGK24648.1), Bombyx mandarina serpin-7 (NP_001139701.1), Manduca sexta serpin-7 (HQ149330.2), Culex quinquefasciatus (XM_001863294.1), Aedes aegypti (XM_001661855.1), Anopheles gambiae (XM_312891.3), Musca domestica (XM_005183439.1), Tribolium castaneum (XM_008195262.1), Locusta migratoria (AGC84400.1) and Caligus rogercresseyi (BT076733.1). A maximum-likelihood tree was inferred using the RaxML method with 100 repetitions of a nonparametric bootstrap (Stamatakis et al., 2008) and JTT model selected by ProtTest 2.4 (Abascal et al., 2005) . The crustacean Caligus rogercresseyi serpin sequence was used to root the tree.
Serpin expression and purification. The hesp018 gene was amplified using primers hesp018 F (59-GGATCCCATTTAGACCATTTTTCATT-AAA-39) and hesp018 R (59-AAGCTTAATTTGAAATGAAATCCATTTTC-39), and HespNPV genomic DNA as template. The generated fragment was cloned into pET19b (Novagen) in BamHI/HindIII restriction sites. The plasmid pET19b-hesp018 was transformed into E. coli strain BL21(DE3)/pLysS. Recombinant N-terminally His-tagged protein was isolated using Talon resin (Clontech) as described previously (Wu & Passarelli, 2010) . Purified protein was dialysed against phosphate buffer (10 mM NaH 2 PO 4 , pH 6.2) and the concentration was obtained by BCA (bicinchoninic acid) assay (Pierce).
Haemolymph samples and PO activity inhibition. Fifth instar, day 3 larvae were chilled on ice for at least 20 min. Haemolymph was collected by clipping the dorsal horn with scissors. Haemocytes were removed by centrifugation at 10 000 g for 10 min at 4 uC. Plasma samples were stored at 280 uC. For PO activity analysis, 100 ng recombinant protein or 300 ng BSA as a negative control was incubated with 4 ml plasma for 10 min at room temperature. Subsequently, 2 ml Micrococcus luteus extract (10 mg ml 21 in sterile water; Sigma) was added to some of the reactions as indicated in Fig. 3 to stimulate PO activity. After incubation for 10 min at room temperature, PO activity was measured by absorbance using dopamine as substrate. One unit of PO activity was defined as the amount of haemolymph producing an increase in A 470 of 0.001 min
. Treatments were replicated two or three times and analysed by the unpaired two-tailed Student's t-test and one-way ANOVA.
Manduca sexta injection. Fifth instar, day 3 larvae were chilled on ice for at least 20 min. Three caterpillars were each injected with 100 ml virus (10 7 p.f.u. ml 21 ). For this experiment, we used the cathepsin/chitinase gene-deleted virus transposed with shuttle vectors containing the Manduca sexta-derived serpin-4B gene, HA-tagged hesp018 gene or empty vector. After injection, the insects were individually transferred into~30 ml plastic cups containing food. Photographs of dead caterpillars were taken 24 h post-mortem.
Amidase activity. Recombinant Hesp018 protein was incubated with proteinases at different molar ratios as described . Each reaction included 3 mg BSA. One unit of amidase activity was defined as the amount of enzyme producing an increase in A 405 of 0.001 min 21 . Treatments were replicated three times and analysed by one-way ANOVA. The following proteinases and their artificial substrates (Sigma-Aldrich) were used: bovine pancreatic a-chymotrypsin (120 ng) and N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide; human serum plasmin (200 ng) and D-Phe-L-Pro-L-Arg-p-nitroanilide; proteinase K from Tritirchium album (40 ng) (Promega) and Nsuccinyl-Ala-Ala-Pro-Phe-p-nitroanilide (synthesized in-house); bovine pancreatic trypsin (5 ng) and N-acetyl-Ile-Glu-Ala-Arg-p-nitroanilide (Biochemistry Core Facility, Kansas State University). Enzymes and substrates were kindly provided by Drs Michael Kanost and Kristin Michel (Kansas State University).
Secretion analysis. Sf9 cells were infected at m.o.i. 5 with Ac-PG, Ac-hesp018-ha-PG or Ac-Ms-serpin-4B-PG for 1 h at 27 uC, washed three times with fresh media, and replaced with 1 ml TC-100 without FBS. At different time points, cells and supernatant were collected and centrifuged at 1000 g for 5 min at room temperature. The supernatant was transferred to a new tube, and the pelleted cells were washed twice with PBS (pH 6.2) and resuspended in PBS. The supernatant and the resuspended cells were incubated with an equal volume of 26 protein loading buffer and heated for 5 min at 100 uC. Proteins were analysed by SDS-PAGE followed by immunoblotting using monoclonal anti-HA (Covance) or anti-Manduca sexta serpin-4B kindly provided by Michael Kanost.
Viral growth curves. Sf9 cells were infected at m.o.i. 0.01. After 1 h, virus was removed, the cells were washed twice with TC-100 and then TC-100 containing 10 % FBS was added. Samples were collected at the indicated times and titrated by TCID 50 assay.
Cathepsin and chitinase activity. Sf9 cells were infected at m.o.i. 5 with Ac-PG, Ac-hesp018-ha-PG, Ac-Ms-serpin-4B-PG or Ac-DelCC-PG (Kaba et al., 2004) . At 42 h p.i., cells and supernatant were collected and centrifuged at 500 g for 5 min at 4 uC. The cells were washed twice with PBS. The final pellet was resuspended in 500 ml PBS. The cells were lysed on ice using a glass homogenizer. The protein concentrations were obtained by BCA assay and 100 mg (cathepsin) or 10 mg (chitinase) of lysate was used for activity assays as described previously (Gopalakrishnan et al., 1995; Slack et al., 1995) .
Caspase activity. Sf9 cells were infected at m.o.i. 5 with p35-deleted viruses harbouring the hesp018 gene with or without HA tag or p35 for 1 h at 27 uC. At 24 and 48 h p.i., cells were collected and washed twice with PBS, and resuspended in 100 ml lysis buffer (20 mM HEPES KOH, pH 7.5, 50 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 250 mM sucrose) containing Complete Mini EDTA-free proteinase inhibitor cocktail (Roche). Then, 50 ml cell lysate was incubated with 50 ml reaction buffer (100 mM HEPES, pH 7.4, 2 mM DTT, 0.1 % CHAPS, 1 % sucrose) at 37 uC for 15 min. Caspase substrate Ac-DEVD-AFC (MP Biomedicals) was added at a final concentration of 40 mM and the fluorescence (excitation wavelength 405 nm, emission wavelength 505 nm) was monitored every 10 min for 2 h at 25 uC using a Victor 1420 Multilabel counter (Perkin-Elmer). The mean slope (change in fluorescence versus time) was plotted.
Bioassays in Trichoplusia ni and S. frugiperda neonates.
Trichoplusia ni and S. frugiperda neonates (within 24 h after hatching) were transferred to diet contaminated with OBs at different concentrations. OBs from Ac-PG and Ac-hesp018-PG were obtained from per os-infected Trichoplusia ni, purified (O'Reilly et al., 1992) (Detvisitsakun et al., 2007) . After 24 h, neonates were transferred into individual cups containing uncontaminated food. Mortality was recorded daily by scoring the number of dead insects which had no response to touch. The LC 50 and LT 50 values were determined using probit analysis (SAS Institute).
